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I. INTRODUCTION

There exist phenomena, such as solar proton events and nuclear
explosions, that can severely disturb the total charge content of the
atmosphere. In the altitude interval 30-80 km these disturbances can
affect systems over a wide range of the electromagnetic spectrum, e.g.,
disruption of radar and communications operations. The rate at which
the disturbed atmosphere returns to normal depends on the processes for

• removing the excess charge. At the higher altitudes (70-80 km) electron-
ion recombination occurs faster than negative ion formation and so
charge neutralization is dominated by the electron-ion dissociation
recombination process. At lower altitudes (< 60 km) negative
ion formation permits ion-ion mutual neutralization to compete with and
(still lower) to dominate electron-ion dissociative recombination.
(The precise times and altitudes at which this dominance occurs is a
function of the intensity of the disturbance as well as the rates of
the recombination processes. In this report we shall focus on the ion-
ion mutual neutralization process for fixed excitation conditions and so
reported times and altitudes would have to be adjusted for other disturb-
ing conditions.)

For ELF/VLF communications, Field and Dore~ have found that the
largest uncertainties in these attenuation rates (several dB per megameter)
can be attributed to uncertainties in the positive ion - negative ion
recombination rate coefficient, a1.* They have also found that at VLF
uncertainties in the ion-neutral collision frequency, v., can cause
uncertainties in attenuation about equal to that found for uncertainties
in a..

1

These two parameters are indirectly related . v1 is •a function of
the ion distribution.** This distribution is determined in part by the
recombination coefficient. The question that arises is whether or not
the operational uncertainties due to and to cz~ can be treated asseparate, independent problems. To testate this problem: What is the
change in the ion species distribution for a give~i change in cz~?

*
The subscript “i” refers to “ion” as opposed to electron.

** 2 — i’
For one ion species and one neutral species a~ a A ~.i ~~, where A is
the sum of the molecular and ionic radii and ~j is the reduced mass of
the colliding ion and molecule. (Field, private communication quoting
Propagation of Electromagnetic Waves in a Plasma by Ginzberg, trans.
by Roger and Roger, Gorden and Breach Publishers, N.Y., p. 97.)

• ‘E. C. Field and M. N. Dore, private communication, 1976.
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Though some information regarding a1 has been determined from
analysis of natural and nuclear disturbances, ~uch reliance has been
placed on model predictions. The AIRCHEM code has been used at the BRL
to predict the response of the ionosphere to disturbed conditions and as
such it provides us with a convenient tool for examining the sensitivity
of ionic populations to variation in values of individual two body ion-ion
recombination rate coefficients, a.. We distinguish between an effective
ion-ion recombination coefficient,3a1 and the coefficient fo~ the jth + -recombin~tion, a.. is a weighted sum of the a., a, = Zn. n. a./Zfl. n.
where n4 and n~~ are the positive and negative i~n d~nsiti~s ~f ~he ~
jth recómbinati~in reaction.

This report describes: our current state of knowledge about the
values of a. (section 11), the procedure used in those sensitivity tests
and the com3uted changes in the ion populations for changes in selected
values of a , under fixed disturbing conditions (section III).

II. VALUES FOR THE TWO BODY ION-ION RECOMSINATION COEFFICIENT, a1

This topic has been reviewed in l972~ and l974,~ and will be dealt
with briefly here. Room temperature values of the recombination coeffi-
cient fo~_~ ,ght pairs of tons of atmospheric interest are listed in
Table I. The salient feature to be gleaned fr?m Table I is t~e wide
range of disagreement for all ion pairs except 02 + NO3 and 02 + 0
Values differ by about a factor of ten in two cases.

2E. L. Lortie, M. D. Kregel and F. E. Ni ’es, ~‘AIRCHEt4: A Computational
Technique for Modeling the Chemistry of the Atmosphere,” BRL Report
No. 1913, 1976. (AD #A030157)
3B. H. Mahan, “Recombination of Gaseous Ions,” in Advances in Chemical
Physics 23, 1-40, 1973, Ed. by I. Prigogine and S. A. Rice.
4J. 1. Moseley, R. B. Olson and .3. R. Peterson, “Ion-Ion Neutralization,”
Case Studies in Atomic Physics 5, 1-45, 1975.
5M. N. Hirsh and P. N. Eisner, “Laboratory Measurements of Ion Chemistry
in a Simulated. Disturbed Ionosphere,” Radio Sci. 7, 125-131, 1972.
6D Smith and M, J. Church, “Binary Ior,.-Ion Recombination Coefficients
Determined in a Plowing Afterglow P1esm~.” International Journal of
Mass Spectrometry and Ion Physics, 19, 185-200, 1976.
7B. H. Mahan and J. C. Person, “Gaseous Ion Recombination Rates,”
J. Chem. Phys. 40, 392-401, 1964.
8R. B. Olson, “Absorbing Sphere Model for Calculating Ion-Ion Recoabthation
Total Cross Sections,” J. Chem. Phys. 56. 2979-2984, 1972.
9M. N. Hirsh and P. N. Eisner, “Two-Body Recombination of 0,’ and
in Low-Pressure Oxygen,” Bull. Am. Phys. Soc. 17, 395, 1972.

N Hirsh, “Ion Chemistry in Electron-Inactivated Air: Comparison
of Experiment with Theory,” Bull. Am. Phys. Soc. 21, 165, 1976.8



TABLE 1. VALUES OF TWO- BODY RECOMBINATION CO€FFICIENTS OF ATMOSPHERIC INTEREST

System ( 300° K) Ref Remarks

(x10 7cm3/s)

1. NO1’ + N02 5.1 ± 1 .5 4 mb

1.75 i 0.6 5 sa

3.5 A, average of Ref’s 4 & 5

0.64 ± 0.07 6 Lpfa

2.1 ± 0.6 7 Sa, value refers to NO~(NO) & N037N02 . Ref. 3

1.2 ± 0.3 8 Cal

2. NO~ + N0.~ 8.1 ± 2.3 4 mb

0.34 ± 0.12 5 Value refers to NO’ & N03 /N02 (H 2O). Ref. 10

4.0 A , average of Ref.’s 4 & 5

0.57 t 0.6 6 Lpfa

Li ± 0.3 8 Cal

3. N0~ + 0 4.9 ± 2.0 4 mb, A

1.9 ± 0.6 8 Cal

4. NO~ + 02 5.8 ± 1.0 4 mb, A

2.4 ± 0.8 8 Cal

5. 02
” + N02 4.1 ± 1.3 4 mb , A

1.2 ± 0.3 8 Cal

6. 02~~+NO 3 1.3 ± 0.4 4 mb ,A

1.0 ± 0.2 8 Cal

7. 0~
” +O 1.0 ± 0.4 4 mb. A

1.0 ± 0.2 8 Cal

8. 02
1’ + O 2 4.2±1 .3 4 mb,A

1.0 ± 0.1 9 sa

2.4 ± 0.8 8 Cal

mb • merged beam

sa • stationary afterglow
A • va lues used In AIRCHE M code
Lpfa — Lan~ tuir probe/flowing afterglow
Cal • calculation

t 
_ _ _ _



The following i1lustra~1s the d~fficulties involved i~ these experi-
ments. Recent measurements of H30 (H20)3 + N03 and H30 (H20)3 +

N03 (HNO3) yield recombination coefficients of (0.55 ± 0.10) x l0~~ cm
3/s

and (0.57 ± 0.10) x lO’
~ cm3/s , respectively. However, the negative

ion concentrations were mixed with unknown concentrations of:

N027N02 (H20)/N03 (H20) ions and NO3 (H20)/N03 (HNO3)2 ions, respectively.
The authors argue that because the lower earth’s atmosphere ought to
contain mixtures of similar ions, these values of a. should be represen-
tative of the ef’çective a1 in the earth’s stratosph~re. The work ofGoldberg et ai. tends to sup~~rt ~his notion. They require an effec-
tive a. of the order of 5 x 10 cm /s at 60 km to explain ion-pair
produchon by the x-ray star Sco X-l.

Appeal to more direct atmospheric measurements1~heds little lighton reducing the range of values. Ulwick ’s analysis of the 1969 solar
proton event shows that the derived7eff~ctive recombination coefficientcan vary$rom3a high of 

— 1.5 x 10 cm Is at 45 km to a low of
4 x 10 cm Is at 70 km. Moreover, he has estimated that each of his

data points is accurate to a factor of two, leading again to a total
spread of about a factor of ten.

An examination into the sources of these real or apparent discrep-
ancies is beyond the scope of this report. It is sufficient for our
purposes to note that a factor of 10 variation in a nominal value for
a
3 
appears to be reasonable.

The values for a. used in the AIRCHEM code are designated b~ an3“A” in Table I. All ~ther a. were assigned a value of 2.0 x 10 cm Is
at 3Oq°K1~nd all the a. were

3 assigned the weak temperature dependence
o f T  .

11D. Smith, N. G. Adams and M. J. Church, “Mutual Neutralization Rates
of lonospherically Important Ions,” Planet. Space Sci. 24, 697-703, 1976.

12R. A. Goldberg, W. H. Jones, P. R. Williamson , J. R. Barcus and L. C.
Hale, “Equatorial X-Rays and Their Effect on the Lower Mesosphere,”
to be published .3. Atmos. Terr. Phys.

13~ c~ Ulwick, “Effective Recombination Coefficients and Lumped Parameters
in the D-Region During Solar Particle Events,” Proceedings of COSPAR Sym-
posium on Solar Particle Event of November 1969, AFCRL Special Report
No. 144, 571-587, 1972. Ed. by J. C. Iiiwick .

14DNA Reaction kate Handbook, 2nd Ed., March 72, Table 241, V.
(Revision No. 3, September 1973).
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III. RESULTS AND DISCUSSION

The AIRCHEM code,2 tailored for nuclear atmospheric disturbances,
was used for the sensitivity tests. This code consists of electrons,
15 negative ion species, 27 positive ion_ speci!s and 21_neutral species.
Only the first hydrate of 02 , CO3 , CO4 , NO2 and NO3 are considered.
The heaviest and “terminal” negative ion used in this code is NO.~ (HNO.r).
Nighttime mass spectrometer ~f1ights through the D1~e~~on have indicate~that other negative ions exist in the atmosphere. Such ions have
not been considered in this model.

A nominal set of 495 reactions is used to describe the ion and neutral
chemistry. Negative ion photodestruction h98bee~ included by considering
the cross section for the reaction to be 10 cm for wavelengths
shorter than the negative ion’s electron affinity and zero elsewhere.
Our wavelength region of interest is 760.0 > A > 100.0 run and the solar
flux used corresponded to midlatitude overhead sun conditions. (Recent
computations using measured cross sections have not revealed any sub-
stantial changes.) Positive ion photodestruction is not considered in
this set of reactions.

The excitation conditions chosen and fixed for these sensitivity
tests are thought to be typical rat~1r than extrem~. To wit, we have
used for prompt ionization, N = 10 1 ~1ectrons/cm . The delayed ioni-
zation is given by Q(t) = Q~4I 

+ t) , w~ere t is the time in seconds
and we have selected = lU i?~

_pairs/cm /5. Partitioning of the
charge closely follows Gilmore, except that N2(A

3E) is not considered,
and that production of O2(

1
~) and 0 are taken as 0.25 and 1.28 per ion-pair per s~~ond, respectively. Daytime ne~~ra1 densities are taken fromCIRA 1972, U.S. Standard ~~mosphere 1962 and other literature

sources and extrapolations.

15R. s. Narcisi, A. D. Bailey, L. Della Lucca, C. Sherman and D~ M.
Thomas, “Mass Spectrometric Measurements of Negative Ions in the
D- and lower E-Regions,” .3. Atmos. Terr. Phys. 33, 1147-1159, 1971.

Arnold, J. Kissel, D. Krankowsky, H. Weider and .3. Z~hringer,
“Negative Ions in the Lower Ionosphere: A Mass-Spectrometric
Measurement,” J. Atmos. Terr. Phys. 33, 1169-1175, 1971.

‘7F. Arnold and D. Krankowsky, “Negative Ions in the Lower Ionosphere:
A Comparison of a Model Computation and a Mass-Spectrometer Measure-
ment,” J. Atmos. Terr. Phys. 33, 1693-1702, 1971.

18F Gilmore as quoted by B. F. Myers and M. R. Schoonover, “Electron
Energy Degradation in the Atmosphere: Consequent Species and Energy
Densities, Electron Flux, and Radiation Spectra,” DNA 35131, 3 Jan 75, Table 6.

19K. S. w. Champion and R. A. Schweinfurth, “A New Mean Reference
Atmosphere for 25 to 500 km,” AFCRL-72-0579, 2 Oct 72; The Mean
COSPAR International Reference Atmosphere 1972” in COSPAR Inter-
national Reference Atmospheres 1972, Akademie Verlag, Berlin , 1972.

2
~\Jnited States Committee on Extension to the Standard Atmosphere,
U.S. Standard Atmosphere, 1962, U.S. Government Printing Office,
Washington, D. C., Dec 62.

2l~ E. Nib s, private communication.
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We caution that the AIRCHEM code has been validated only for quiet
or undisturbed daytime conditions and then only for2~lectron, totalpositive ion and total negative ion concentrations. This code has not
been validated either at the level of excitation or disturbing conditions
or at the scale of individual ion species concentrations used here.

In the code each of 15 positive ions is permitted to recombine with
14 different negative ions, leading to 210 recombination coefficients.
Resources did not permit the systematic variation of all possible combi-
nations, nor was this approach deemed necessary. Since almost all values
of a. are identical we can identify the dominant contributions to the
sum ãefining ct1 by noting the computed dominant ion species concentrations.

For a given altitude the AIRCHEM code computes ion concentrations
as a function of tome after th~ initiation of the disturbance. At each
decade of time (10 through 10 seconds, inclusive) the dominant positive
ion(s) and dominant negative ions are identified. Pairing of these
positive and negative ionic species then determines the ion-ion recombi-
nation reactions whose coefficients are to be varied. Table 2 shows
these recombination reactions as a function of altitude. The corre-
sponding rate coefficients were varied by multiplying a. by 10 and 1/10.
(The disc~jss~on in section II indicates that for nomina’ values of
a. 10 cm Is, decreasing the value is more realistic than increasing
ti~te value. The increased value has been retained for completeness.)
The code was re-run for each of these two cases and the ion concentrations
again examined. These results are shown in Table 3.

The information content of this table is quite high and requires a
bit of explanation. The altitude is listed vertically to the extreme
left and the decades of time after the initiation of the disturbance are
listed horizontally across the top of the table. The area within
the table located by an altitude and a time coordinate is occupied by
two columns of ionic species, one positive, the other negative. To the
immediate right of each ion species is a number with a superscript and
a subscript. This number shows the percentage contribution of that ionic
species to the total ion population for nominal values of ci.. The super-
script (subscript) when added to the physically larger numb~r revealsthe percentage contribution of that ionic species to the total ion popu-
lation for the selected values of a. (see Table 2) multiplied by
10 (1/10).

- 
For example, at an altitude of 60 km and at seconds, the species

N0~ constitutes 34% of the total negative ion population for nominal
values of a.. For values of a. x 10 (x 1/10) NO3 constitutes 19%
(38%) of th~ total negative io~i population.

M. Heimerl and F. E. Niles , “Modeling of Charged Particle Chemistry
in the Stratosphere and Mesosphere,” Trans. Am. Geophys. Union 57, 303,
1976 .

12



TABLE 2. DOMINANT RECOMBINATION REACTIONS TAKEN FROM BENCIJ4ARK-76
RESULTS; NOMINAL VALUES OF a. HAVt~ BEEN USED.3

ALT (km) Dominant Recombination Reactions

80 NO~ + 02
NO~ + N02

70 N01’ + 0 2
NO1’ 

+ N03
NO1’(H20) + N0

3
NO~ (H2O) 2 + N03

60 NO~ + 0
2

NO~’ + C0
3

NO’(H20)2 + N0
3

+ N0
3

50 NO1’(H 20) + CO3~
H~ (H2O) 3 + C0

3
H~ (H2O)

3 
+ N0

3

40 H~ (H2O)4 + CO3~
H” (H20)4 + NO

3 (HNO
3)

H~ (H2O)
4 

+ N0
3

(H2O)

30 H~(H2O)4 + N03 (H20)
H1’(H 20) 4 + N0

3 (HNO
3)

13



AL T/ TIME 100 s 101 
$

6 9 + 0
80 km 02 72 NO1’ 76~ 0.; 72 _ NO 76

12 03 —

2
O~ 16 °2 20

1 
0 2 22

2
18 0

— 3

11
N02 13 N02 10

16 12

1 + 0
O~~ 93~

’ N0~ 78’ 02 89 NO 75
0 0

+ 0 + 0
02 18 02 20

1 +
60 km 02 

2 

~~ 71~~ 02 56 NO 56
1 0

02
” 

2 
N0 ” (HCO3~ 15 11 C0~ 30; 20) 14

+ 1
02

2 
NO ” (H20) 

2 + (H~0) 36~~50 km C03 42 29 C03~ 55 NO

2 
(H 20) 3 18~02 19~ NO1’ 27’ N03 15 H4

_ * 2
NO3 12 H ” (H 20) 2 11

2 
NO1’(H 20) 2 14

0

C04 10
0 

H
F
(H 20)2 l1~

I.
NO 9

•1

1’.~ ~‘~ 2o~4 
28

40 km CO3 47 _ 58 CO3 (H 20) 31 H
4(H 20) 4 67:

7

~‘s H~(H 2O) 3 
6 -

~ H~ (HC03~(H 20) 31, 18 C03 3l~ 20)3 19

~ N01’(H~O)~ 
19 ‘‘ NO~(HN03 (H 20) l1 _ 14 N03 (H20) 27_6 20) 2 8_3— 7

31 + 

20) 4 
2 19

30 km C03 (H 2O) 69 H (H 71 C03 (H 2O) 58 H
4
(H2O) 4 75~11

1928
N03 (H20) 19 7 

H~ (H 2O) 5 23~ N03 (H 20) 29 H~ (H 20) 5 23 °

N03 (H N O 3) 10

TABLE 3. PERCENTAGE CONTRIBUI!ON OF LISTED ION TO THE TOTAL ION POPULATION AS A FUNCTION

‘4 



io2~ 1O~~ 1O~~

15
02 52

19 
NO~ 91

0 
N02 41

_ 29 
NO ” 

~~ 
N02 44

_ 26 
NO~ 88

0

20 25 27N02 24 02 32_ O2 30_v27 11

6 12 10O~ 22~ 0 15_ s N03 18

7 7N03 10 0 8
2

02 68~ NO ” 78: 02 42
18 

NO1’ 59 N03 57
_ 3~ NO~ 31°

N0” (H ~ 
0 28 

~ 2 
0 1’.co3 18 0) 10 NO3 34 NO 0) 25

25 °2 19 NO ”(H2O)2 25~— 5

1 ‘‘ NO 1’(H 2
5 C03 12 _ s N02 15 _u 0) 2317 0

8
C03 6

10 26 +C03 41 NO1’ 32~ N03 63 NO (H 2O) 2 38~
’ N03 

2~71 H 389 6 2

‘~ NO~(H~ 
_ 2 19 

NO ” (H 20) + 
2~~4

N03 34 0) 2_~ C03~ 16_u 18 N02 9_ H (H 25
3

715 NO ”(H20)2 18 ’ H”'(H 2O) 3 14 CO3 6 NO ” (H 20) 2 24~0

H1’(H 20) 2 14
_ I 

H~ (H 2o)2 9 NO (H 0) 9
3 + 

20 
~ 1

C03 41 H1’(H 20) 3 43
_ 13 

N03 
6 “(H 2O) 3 

_ 22 
H1’(H 20) 3 

_ 2547 H 53 N03 49 62
3 9 6

10 
N0 ” (H 2 

2 2 
NO~ (H 2 

13 ° NO1’(H 2 
17NO3 37; 0) 32_B M03 (H 2O) 32 0) 26 NO3 (H 2O) 

2 
0) 20— 7

N03 (H 2O) 17~ NO ” (H 2O) 2 13
2 

“ H2O 2 
6 + 

20) 2 815 NO 11 NO( H

N03 (H 20) 67
6 

H~ (H 2O)4 ~ NO3 (H2O) 
~ 

~(H2O)471 H 76_ 3 0

co3 (H20) 12
_ 6 

H1’(H 20)3 2r
’ N03 (HNO3) 14 H 21~ 1’(H~0) 3 

0

2 0

N03 12

16
NO3 (HNO 3) 38 H1’(H20)4 79

~

co3 (H2O) 34
2 

H~(H20) 5 24:

12
NO 3 (H 20) 3O_~

OF A L T I T UDE , TIME AND CHANGES IN SELECTED VALUES OF .
~~~

• (See text for discussion .)
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The values in Table 3 are given in percent of total ion population
to accoo.mt for the fact that changing values of ci. can alter the total
ion concentrations. Thus changes in the species aistributions are more
easily read from this table. Code predicted absolute values can be
recovered for each entry in Tab1~ 3 by multiplying by the appropriate
total ion concentrations (in cm ) listed in Table 4. The key “MAX ,”
“NOM,” and “MIN” correspond to the cases x 10, ~~~. and ~~~. x 1/10,
respectively.

This version of the AIRCHEM code computes a.’ = ci. + ci x [M],
where a. is the two body ion-ion recombination c~efficient ~~f interestin this3study), ~~ is the three body ion-ion recombination coefficient
and [M] is the to~~l neutral concentration at a given altitude. Since
only a. has been varie~3 the effect of ~~ x EM] must be accounted for.
From C~le and Pierce ’s “selected value” for thei~6io~-ion recombina-tion coefficient at ground level the value 8 x 10 cm Is can be derived
for a3~. This value is such that a.’ ~ a. except at 30 km wherea./lO ~ a~~ x EM]. This case was r~-comp~ited with cz.ZB set equal to zero.Thvial c1i~nges (0-3 percentage points) were found i~( the computed iondistributions of Table 3 and small changes (12-15%) were found in the
total ion concentrations of Table 4. Thus, no corrections for the
inclusion of the three body ion-ion recombination have been made to the
values listed in Tables 3 and 4.

In Table 4 at 70 and 80 km altitudes, large differences exist
between the sum of the positive and sum of the negative ions. Since
charge is conserved in the AIRCHEM code, this difference defines the
electron density, and shows that electron-ion recoinbination does dominate
at the higher altitudes. As we progress lower in altitude (and/or later
in time) the sum of the negative ions approaches, then approximately
equals the sum of the positive ions. Thus for our choice of excitation
conditions, ion-ion recombination becomes important at 60 km and dominates
below 50 km.

Referring to Table 3 we find no case which shows more than a
factor of about two change in a dominant ion specie~. Specifically see
H 
~~~~~ 

at 40 kifi and CO3 (H20) at 30 km both at 10 seconds. These
changes are for the less likely increase in c i .;  the more likely decrease
indicates rather small changes in the ionic distributions for altitudes
60 km and below.

The AIRCHEM code has been used as a tool to study the sensitivity
of distributions to changes in selected values of individual two body ion-
ion recombination coefficients. We caution that the code has not been
validated for the conditions or in the detail used herein , and that the

K. Cole, Jr. and E. T. Pierce, “Electrification in the Earth’s
Atmosphere ~or Altitudes Between 0 and 100 Kilometers ,” J. Geophys.Res. 70, 273S-~749, 1965.
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ion species used are a sub-set of those detected in the atmosphere .
With these points in mind we find the results of this l imited study
indicate that for altitudes lower than 60 kin, one extreme value of the
ion-ion recoinbination coefficient, a. x 10, can change ionic populations
by as much as a factor of two, in is~lated cases. The other, more
probable extreme, a. x 1110, causes much smaller changes in the computed
ion populations. 3

18



REFEREN CES
I’ 1. E. C. Field and M. N. Dore, private communication, 1976.

2. E. L. Lortie, M. D. Kregel and F. E. Niles , “AIRCHEM : A Computational
Technique for Modeling the Chemistry of the Atmosphere,” BRL Report
No. 1913, 1976. (AD #A030157)

3. B. H. Mahan, “Recombination of Gaseous Ions,” in Advances in Chemical
Physics 23, 1-40, 1973, Ed. by I. Prigogine and S. A. Rice.

4. J. T. Moseley, R. E. Olson and J. R. Peterson, “Ion-Ion Neutraliza-
tion,” Case Studies in Atomic Physics 5, 1-45, 1975.

5. M. N. Hirsh and P. N. Eisner, “Laboratory Measurements of Ion Chemistry
in a Simulated Disturbed Ionosphere,” Radio Sci. 7 , 125-131 , 1972.

6. D. Smith and M. J. Church, “Binary Ion-Ion Recombination Coefficients
Determined in a Flowing Afterglow Plasma,” International Journal of
Mass Spectrometry and Ion Physics, 19, 185-200, 1976.

7. B. H. Mahan and J. C. Person, “Gaseous Ion Recombination Rates,”
J. Chem. Phys. 40, 392-401, 1964.

8. R. E. Olson, “Absorbing Sphere Model for Calculating Ion-Ion Recom-
bination Total Cross Sections,” J. Chem. Phys. 56, 2979-2984, 1972.

9. M. N. Hirsh and P. N. Eisner, “Two-Body Recombination of O,’~ and 02in Low-Pressure Oxygen ,” Bull.  Am. Phys . Soc . 17 , 395 , 1972.

10. M. N. Hirsh , “Ion Chemistry in Electron-Inactivated Air : Comparison
of Experiment with Theory,” Bull. Am. Phys. Soc . 21, 165 , 1976 .

11. D. Smith, N. G. Adams and M. J. Church, “Mutual Neutralization Rates
of lonospherically Important Ions,” Planet. Space Sci. 24, 697-703,
1976.

12. R. A. Goldberg, W . H. Jones , P. R. Williamson , J. R. Barcus and L. C.
Hale , “Equatorial X-Rays and Their Effect on the Lower Mesosphere ,”
to be published J. Atmos . Terr . Phys .

13. J. C. Ulwick , “Effective Recombination Coefficients and Lumped
Parameters in the D-Region During Solar Particle Events,” Proceedings
of COSPAR Symposium on Solar Particle Event of November 1969, AFCRL
Special Report No. 144, 571-587, 1972. Ed. by J. C. Ulwick.

19 



REFERENCES (CONTD)

14. DNA Reaction Rate Handbook , 2nd Ed.,  March 72 , Tabl e 241 , V.
(Revision No. 3, September 1973) .

15. R. S. Narcisi , A. D. Bailey , L. Della Lucca , C. Sherman and D. M.
Thomas, “Mass Spectrometric Measurements of Negative Ions in the
D- and lower E-Regions ,” J. Atmos. Terr. Phys . 33, 1147-115 9, 1971.

16. F. Arnold , J. Kissel , D. Krankowsky, H. Weider and J. Z~hringer ,
“Negative Ions in the Lower Ionosphere : A Mass-Spectronietric
Measurement ,” J. Atmos . Terr . Phys . 33, 1169-1175 , 1971.

17. F. Arnold and D. Krankowsky, “Negative Ions in the Lower Ionosphere:
A Comparison of a Model Computation and a Mass-Spectrometer Measure-
ment,” J. Atmos. Terr. Phys. 33, 1693-1702, 1971.

18. F. Gilmore as quoted by B. F. Myers and M. R. Schoonover, “Electron
Energy Degradation in the Atmosphere: Consequent Species and Energy
Densities, Electron Flux, and Radiation Spectra,” DNA 35l3T, 3 Jan
75, Table 6.

19. K. S. W. Champion and R. A. Schweinfurth, “A New Mean Reference
Atmosphere for 25 to 500 km,” AFCRL-72-0579, 2 Oct 72; The Mean
COSPAR International Reference Atmosphere 1972” in COSPAR Inter-
national Reference Atmospheres 1972, Akademie Verlag, Berlin, 1972.

20. United States Committee on Extension to the Standard Atmosphere,
U.S. Standard Atmosphere, 1962, U.S. Government Printing Office,
Washington, D.C., Dec 62.

21. F. E. Niles, private communication.

22. J. M. Heimerl and F. E. Niles, “Modeling of Charged Particle Chemistry
in the Stratosphere and Mesosphere,” Trans. Am. Geophys. Union 57,
303, 1976.

23. R. K. Cole, Jr. and E. T. Pierce, “Electrification in the Earth’s
Atmosphere for Altitudes Between 0 and 100 Kilometers ,” J . Geophys .
Res. 70 , 2735-2749 , 1965.

20



DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

12 Commander 1 Director
Defense Documentation Center Defense Communications Agency
ATTN : DDC-TCA ATTN : Code 340 , Mr. W . Dix
Cameron Station Washington , DC 20305
Alexandria , VA 2 2314

1 Commander
1 Director US Army Materiel Development

Institute for Defense Analyses and Readiness Command
ATTN: Dr. E. Bauer ATTN: DRCDMA-ST
400 Army-Navy Drive 5001 Eisenhower Avenue
Arlington, VA 22202 Alexandria, VA 22333

2 Director 1 Commander
Defense Advanced Research US Army Aviation Research
Projects Agency and Development Command

ATTN : STO, CPT J. Justice, ATTN: DRSAV-E
Dr. S. Zakanyca 12th and Spruce Streets

1400 Wilson Boulevard St. Louis, MO 63166
Arlington, VA 22209

1 Director
2 Director of Defense Research US Army Air Mobility Research and

and Eng ineering Development Laboratory
ATTN: Mr. D. Brockway Ames Research Center

CAPT K. Ruggles Moffett Field , CA 94035
Washington, DC 20301

1 Commander
4 Director US Army Electronics Command

Defense Nuclear Agency ATTN: DRSEL-RD
ATTN: STAP (APTL) Fort Monmouth, NJ 07703

STRA (RAAE )
Dr. C. Blank 6 Commander/Director
Dr. H. Fitz, Jr. US Army Electronics Command

DDST Atmospheric Sciences Laboratory
Washington, DC 20305 ATTN: Dr. E. H. Holt

Mr. N. Beyers
2 DASIAC/DOD Nuclear Information Mr. P. Horning

and Analysis Center Dr. F. E. Niles
General Electric Company-TEMPO Dr. M. C. Heaps
ATTN: Mr. A. Feryok Dr. D. E. Snider

Mr. W. Knapp White Sands Missile Range ,
816 State Street NM 88002
P.O. Drawer QQ
Santa Barbara, CA 93102

21 

— . ~~~~~



DISTRIBUTION LIST

No. of No. of
Copies Organization Cop~es Organization

1 Commander 1 Commander
US Army Missile Research US Army Nuclear Agency
and Development Command ATTN : Dr. J . Berberet

ATTN : DRDMI -R Fort Bliss , TX 79916
Redstone Arsenal, AL 35809

3 Commander
Commander US Army Research Office
US Army Tank Automotive ATTN : Dr. A. Dodd
Development Command Dr. D. Squire

ATTN : DRDTA -RWL Dr. R . Lont z
Warren , MI 48090 P. 0. Box 12211

Research Triangle Park
Commander NC 27709
US Army Mobility Equipment
Research ~ Development Command 2 Director

ArFN: Tech Docu Cen, Bldg. 315 US Army BMD Advanced
DRSME-RZT Technology Center

Fort Belvoir, VA 22060 ATTN : Mr. M. Capps
Mr. W . Davies

1 Commander P. 0. Box 1500
US Army Armament Materiel Huntsville, AL 35807
Readiness Command

Rock Island, IL 61202 2 Commander
US Army RMD Systems Command

Commander ATFN: SSC-HS, Mr. H. Porter
US Army Armament Research SSC-TET , Mr. E. Carr

and Development Command p . o. Box 1500
Dover , NJ 07801 Huntsville , AL 35807

Commander, USACEE IA 1 Director
A1’TN: CC-CED-EME D US Army Bal l i s t ic  Missi le

Miles Merkel Defense Program Office
For t Huachuca , AZ 85635 ATTh : Mr. C. McLain

5001 Eisenhower Avenue
2 Commander Alexandr ia , VA 22333

US Army Harry Diamond Labs
ATTN: DRXDO-TI 1 HQDA (DAEN-RDM , F. de Percin)

DRXDO-NP , F. Wimenitz Washington , DC 20314
2800 Powder Mill Road
Adeiphi , MD 20783 3 Commander

US Army Research and
Director Development Group (Europe)
US Army TRADOC Systems ATTN : Dr. H. Lemons

Analysis Activity Dr. C. R. Husk
AVFN : ATAA-SA LTC J. Kenned y
White Sands Miss i le  Range P. 0. Box 15
NM 88002 FPO New York 09510

22



DISTRIBUTION LIST

No. of No. of
Cop~ies Organizat ion Copies Organization

1 Chief of Nava l Resear ch 4 Director
ATI’N: Code 418 , 3. Dardis Los Alamos Scientific Lab
Department of the Navy ATTN : Dr. W. Maier , Gp J-lO
Washington , DC 20360 Dr. J. Zinn , MS 664

Dr. W . Myers
Commander Dr. M. Peek
US Naval Surface Weapons Center p. 0. Box 1663
ATTN: Dr. L. Rutland Los Alainos, NM 87544
Silver Spring, MD 20910

2 Sandia Laboratories
1 Commander ATTN: Dr. K. J. Touryan

US Naval Electronics Laboratory Dr. F. Hudson
ATTN: Mr. W . Moler P. 0. Box 5800
San Diego, CA 92152 Albuquerque, NM 87115

4 Commander 2 Director
US Naval Research Laboratory National Science Foundation
ATTN: Dr. W. Au A1’TN: Dr. F. Eden

Dr. D. Strobel Dr. G. Adams
Code 7700, J. Brown 1800 C Street, NW
Code 2020, Tech Lib Washington, DC 20550

Washington, DC 20375
1 Caispan Corporation

4 HQ USAF (AFNJN ; A?RD; AFRDQ; ATTN: Mr. R. Fluegee
ARTAC , COL C. Anderson) P. 0. Box 235

Washington, DC 20330 Buffalo, NY 14221

2 AFSC (DLCAW, LTC R. Linkous; 2 General Electric Company
SCS) Valley Forge Space Tech Ctr

Andrews AFB ATTN: Dr. M. Bortner
Washington, DC 20334 Dr. T. Baurer

P. 0. Box 8555
2 AFGL (LKB, Dr. K. Champion ; Philadelphia, PA 19101

Dr. W. Swider)
Hanscom AFB , MA 01730 1 General Research Corporation

A1’TN: Dr. J. Ise
2 Director p . 0. Box 3587

Lockheed Palo Alto Santa Barbara, CA 93105
Research Laboratory

A TTN : Dr. J. Reagan 1 Mitre Corporation
Mr. R. Sears ATTN: Tech Lib

3251 Hanover Street P. 0. Box 20S
Palo Alto , CA 94304 Bedford , MA 01730

23

..~~~
.. ~~~~~~~~~~~~~~~~~~ 

, .



DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Organization

Pacific-Sierra Rsch Corp 1 TRW Systems Group
ATTN: Mr. E. Fields ATTN: Tech Lib
1456 Cloverfield Boulevard One Space Park
Santa Monica, CA 90404 Redondo Beach, CA 90278

R~D Associates 1 Visidyne, Inc.
AUN: Dr. F. Gi lniore ATFN: Dr. H. Smith
p. 0. Box 9695 19 Third Avenue, NW
Marina del Rey, CA 90291 Industrial Park

Burlington , MA 01803
1 The Rand Corporation

AT’FN: Dr. C. Cram 1 Stanford Research Institute
1700 Main Street ATTN: Dr. J. Peterson
Santa Monica, CA 90406 333 Ravenswood Avenue

Menlo Park, CA 94025
2 Science Applications , Inc.

ATTN: Mr. R. Lowen 1 University of Illinois
Mr. D. Hamlin Dept of Electrical Engineering

1250 Prospect Plaza ATTN: Dr. C. Sechrist, Jr.
La Jolla, CA 90406 Urbana-Champaign Campus

Urbana, IL 61801
1 Science Applications, Inc .

Huntsville 1 University of Minnesota, Morris
ATTN : Mr. R. Byrn Div of Science and Mathematics
2109 West Clinton Avenue ATTN: Dr. M. N. Hirsh
Sui te 100 Morris, MN 56267
Huntsvi l le , AL 35805

1 Univ of Texas at El Paso
Spectra Research Systems, Inc. Physics Department
ATTN : Mr. B. Kilday ATTN: Ms. J. Coll ins
2212 Dupon t Drive El Paso , TX 79902
Irvine , CA 92664

1 Utah State Universi ty
Systems Control , Inc . Center for Research in Aeronomy
ATTN : Mr. R. Foerster ATFN: Dr. L. Megill
260 Sheridan Avenue Logan , UT 84321
Palo Al to, CA 94306

1 Wayne State University
Systems , Science ~ Software Department of Engineering
ATTN: Dr. R. Engleinore ATrN: Dr. R. Kuminler
P. 0. Box 1620 Detroit, MI 48202
La Jolla , CA 92037

Aberdeen Proving Ground
Marine Corps Ln Ofc
Dir, USAMSAA

24




